Reinforcement signals in the striatum are known to be crucial for mediating the subjective rewarding effects of acute drug intake. It is proposed that these effects may be more involved in early phases of drug addiction, whereas negative reinforcement effects may occur more in later stages of the illness. This study used resting-state functional magnetic resonance imaging to explore whether acute heroin substitution also induced positive reinforcement effects in striatal brain regions of protracted heroin-maintained patients. Using independent component analysis and a dual regression approach, we compared resting-state functional connectivity (rsFC) strengths within the basal ganglia/limbic network across a group of heroin-dependent patients receiving both an acute infusion of heroin and placebo and 20 healthy subjects who received placebo only. Subsequent correlation analyses were performed to test whether the rsFC strength under heroin exposure correlated with the subjective rewarding effect and with plasma concentrations of heroin and its main metabolites morphine. Relative to the placebo treatment in patients, heroin significantly increased rsFC of the left putamen within the basal ganglia/limbic network, the extent of which correlated positively with patients' feelings of rush and with the plasma level of morphine. Furthermore, healthy controls revealed increased rsFC of the posterior cingulate cortex/precuneus in this network relative to the placebo treatment in patients. Our results indicate that acute heroin substitution induces a subjective rewarding effect via increased striatal connectivity in heroin-dependent patients, suggesting that positive reinforcement effects in the striatum still occur after protracted maintenance therapy.
INTRODUCTION
The initial development of drug addiction is mainly driven by pleasurable hedonic effects, which promote renewed drug intake through positive reinforcement mechanisms. [1] [2] [3] Experimental evidence in animals revealed that the subjective rewarding effects of acute drug intake are crucially mediated by reinforcement signals in dopamine (DA)-innervated midbrain regions such as the striatum. 4, 5 Imaging studies in humans have supported this hypothesis by showing that drug intake acutely increased the extracellular concentration of DA in the striatum and that these increases were associated with their rewarding effects. 6 That is, the subjects who had the greatest striatal DA increases after acute drug administration were the ones who experienced the rewarding effects most intensely. 7, 8 Behavioral, 9 electrophysiological 10 and neurochemical 11 evidences from animal research have demonstrated that opiates also activate the DA system, which is essential for their acute rewarding effects. 12 In more detail, heroin mainly exerts its effects through μ-and κ-opiate receptor agonism; the μ-opiate receptor subtype is critical for the rewarding effects of heroin and morphine, because blockade of μ-opiate receptors, but not of other receptors, attenuates opiate self-administration. 13 The heroin-induced striatal DA release is mediated through binding the μ-opioid receptor of GABAergic cells, which is closely associated with subjective rewarding.
14 Activation of μ-opioid receptors thus represents a key molecular trigger for the acute rewarding effects of opiates. 15 Most recent imaging studies have been using resting-state functional magnetic resonance imaging (fMRI) to gain a mechanistic understanding of brain functions at the large-scale neural system level. Resting-state functional connectivity (rsFC) is based on the analysis of low-frequency fluctuations present in the bloodoxygenation-level-dependent signal. 16 These low-frequency fluctuations have been shown to be temporally correlated within spatially distinct but functionally related resting-state networks, 17 establishing an intrinsic functional architecture. 18 Resting-state networks are associated with many known brain functions including sensory, cognitive or reward processes. 18, 19 Thus, evaluating resting-state networks can provide important information regarding inherent brain function that may help identify networks key to addiction-related behaviors, which may be diagnostically or therapeutically useful. For instance, previous resting-state fMRI studies have detected a basal ganglia/limbic network during rest, which subsumes the striatum, the thalamus and the amygdala. 20, 21 Many of these regions are strongly implicated in reward processes and DA function, 22 and a recent imaging study revealed rsFC differences within this network between nicotine-dependent smokers and healthy controls (HCs). 23 These evidences suggest that connectivity abnormalities within the basal ganglia/limbic network may contribute to aberrant rewarding effects in drug-dependent individuals.
This study used resting-state fMRI to explore how an acute heroin treatment modulated rsFC within the basal ganglia/limbic network and whether this change was related to the subjective rewarding effect induced by heroin. In particular, resting-state connectivity strengths in this network were compared between 20 heroin-dependent patients after receiving both an acute infusion of heroin and placebo and 20 healthy subjects who received placebo only. Although all patients are actively enrolled in a maintenance therapy, acute heroin substitution still induces positive emotions and a feeling of rush in these patients, 24, 25 indicating that positive reinforcement effects continue during protracted maintenance treatments. Here, we examined whether these subjective rewarding effects after heroin substitution were mediated via connectivity changes in the basal ganglia/limbic network. Given that heroin 26 and its psychoactive metabolite morphine augmented DA release in the striatum of rodents, 11, 27, 28 we additionally performed correlation analysis between plasma levels of heroin and morphine and rsFC in the basal ganglia/limbic network after heroin administration. We hypothesized that the acute subjective heroin-induced reward effect (that is, feeling of 'high') was associated with increased rsFC within the basal ganglia/limbic network compared with the placebo treatment in patients and HCs.
MATERIALS AND METHODS Participants
The study was approved by the local ethics committee and registered with http://clinicaltrials.gov (ID NCT01174927). After receiving a written and oral description of the aim of this study, all participants gave written informed consent statements before inclusion.
Twenty outpatients with opioid dependence according to International Classification of Diseases (ICD)-10 criteria were recruited from the Centre of Substance Use Disorders of the University Hospital of Psychiatry in Basel. The included patients that were older than 18 years and had a past history of intravenous heroin consumption with a current heroin-assisted treatment for at least 6 months with an unchanged heroin dose during the previous 3 months. Patients were excluded from participation if they currently had additional physical diseases or a psychiatric disorder including other comorbid conditions such as substance dependencies. We did not exclude past history of psychiatric disorders or substance dependence. Clinically experienced psychiatrists (MW) conducted a Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) Axis II Disorders Structured Clinical Interview for DSM Disorders (SCID-II) to assess the diagnosis of comorbid personality disorders.
Twenty HCs were recruited from the general population by advertisement in the same geographical area as patients. They were carefully screened using a semi-structured clinical interview to exclude psychiatric or physical illness or a family history of psychiatric illness. Analogous to the inclusion criteria for patients, controls were also excluded if they had a positive alcohol breathalyzer test, or any neurologic or severe medical illness history. Owing to ethical reasons, HC only received placebo but no heroin treatment.
Controls and patients were told to abstain from illicit drug consumption for the duration of the study, as well as to abstain from alcohol intake 72 h before scanning. Nevertheless, nine patients were tested positive for cocaine at one or both points of the measurement. We have incorporated this potential confounder into our analyses. Subjects' characteristics are summarized in Table 1 .
Experimental design
Using a crossover, double-blind, vehicle-controlled design, placebo (saline) and heroin (diacetylmorphine) were administered through an indwelling intravenous catheter over a period of 30 s. Heroin hydrochloride was dissolved on site in 5 ml of sterile water and aspirated into a syringe as previously described. 29 Each patient was scanned twice, with a short interval between scans (mean 9 ± 3.8 days). Subjects (10) who received their individualized dose of heroin before the first scanning session received 5 ml of placebo before the second session, and vice versa. To preclude order effects, the application scenario was balanced so that 10 patients first received heroin and then placebo, whereas in the other 10 patients the sequence was reversed. During both sessions all heroindependent patients received both heroin and placebo. That is, the subjects who received heroin before scanning were administered vehicle after scanning (that is, 60 min after the first injection), whereas the subjects who received placebo before scanning were administered heroin after scanning. HC participated only in the placebo condition.
Subjective heroin effects and bioanalytical measurements
Patients reported their feelings of rush, sedation and intoxication on a visual analog scale (values ranging from 0 to 10)~60 min after treatment. The plasma concentrations of heroin and morphine 3, 10 and 60 min after heroin administration have previously been reported. 30 We briefly report here the measuring approach for the sake of completeness. The plasma concentrations of morphine were measured in venous ammoniumheparinized plasma and assessed using high-performance liquid chromatography on a 125 × 2-mm (inner diameter) Nucleosil 50 C-8 ec column with a particle size of 5 μm and a 8 × 3-mm (inner diameter) precolumn packed with Nucleosil 120 C-8 and a particle size of 3 μm followed by diode array detection. Sample preparation and instrumental conditions were as described previously in detail. 
Functional connectivity analysis
In a first step, resting-state analysis was carried out using MELODIC (Multivariate Exploratory Linear Optimized Decomposition into Independent Components), 19 a part of FMRIB Software Library (www.fmrib.ox.ac. uk/fsl). MELODIC is a powerful data-driven model-free approach for finding independent patterns in multivariate data (that is, resting-state networks such as the basal ganglia/limbic network). Preprocessing consisted of motion correction using MCFLIRT (Motion Correction using FMRIB's Linear Image Registration Tool), 32 removal of non-brain tissue with the Brain Extraction Tool, 33 spatial smoothing using a 5-mm full-width-at-halfmaximum Gaussian kernel and high-pass temporal filtering equivalent to 111.1 s. Registration of the functional echo planar imaging volumes to each individual subject's high-resolution MPRAGE image and registration of the MPRAGE data to the standard space template (Montreal Neurological Institute, MNI152 T1 1 mm 3 ) were both done using FLIRT. Preprocessed functional data containing 152 time points for each subject were temporally concatenated across subjects to create a single fourdimensional data set. The data set was decomposed into independent components, with a free estimation for the number of components. The components of interest were selected by visual inspection based on previous literature 19, 34 and the frequency spectra of the time courses of the components. We used an equal number of subjects from each group so as not to skew independent components in favor of a particular population/treatment. In this study, group-independent component analysis was used to identify the basal ganglia/limbic network. This network has been previously noted in other resting-state fMRI studies using independent component analysis 20, 21 including studies in drug addiction. 23 A dual regression approach 35 with nonparametric permutation (5000) tests (randomize, 36 FMRIB Software Library) were carried out to detect statistically significant differences among treatments (placebo vs heroin in patients) and groups (HC vs patients) within the boundaries of the spatial map (basal ganglia/limbic network) obtained with group-independent component analysis ( Figure 1 ). Finally, a familywise error correction for multiple comparisons was performed, implementing threshold-free cluster enhancement using a significance threshold of Po0.05.
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RESULTS
Subjective heroin effects and plasma levels These data have been previously published. 24, 30, 38 We adapted them to the subjects who completed resting-state fMRI scanning. Subjective feelings of rush (t(19) = 9.570, P = 0.0001), sedation (t (19) = 2.111, P = 0.049) and intoxication (t(19) = 4.040, P = 0.0008) were significantly higher after heroin than placebo administration (Figure 2a) . Measurements of heroin's and morphine's plasma concentrations indicated the much longer half-life period of morphine compared with acetylated compounds. 39 Although heroin's plasma concentration rapidly decreased from 800 ngml − 1 (s. Spatial maps representing the basal ganglia/limbic network during resting state detected by group-independent component analysis for (a) healthy controls, (b) heroin-dependent patients after heroin and (c) placebo administration. Maps were created using a onesample t-test for each condition (family-wise error-corrected at P = 0.001). Regions belonging to this network include the entire striatum, thalamus and amygdala. The right side of the brain is displayed on the right side of the figure. Color bars represent signal intensity (one-Pvalue) (obtained from the one-sample t-test).
rsFC after acute heroin substitution A Schmidt et al Functional resting-state connectivity results Dual regression of the basal ganglia/limbic network identified with group-independent component analysis ( Figure 1 ) revealed increased rsFC of the left putamen within this network in patients after heroin administration compared with the placebo treatment (family-wise error-corrected) (Figure 3a) . Importantly, this heroininduced increase in rsFC of the left putamen relative to placebo did not depend on whether the patients were positive tested for cocaine or not (t(18) = 1.075, P = 0.297). There were no regions where the placebo treatment showed increased rsFC to the network compared with the heroin treatment. No difference between HC and the heroin treatment in patients was found, but HC revealed increased rsFC of the posterior cingulate cortex (PCC)/ precuneus in the basal ganglia/limbic network relative to the placebo treatment in patients (family-wise error-corrected) (Figure 3b ).
Relation of functional connectivity, subjective heroin effect and plasma levels We further tested by using Pearson correlation whether the degree of rsFC strength of the left putamen under heroin exposure correlated with subjective heroin effects (intoxication, rush and sedation) and with plasma levels of heroin and morphine 10 min after heroin administration (nearest time point to restingstate recording). Bonferroni correction was used to adjust for multiple testing. On the basis of previous resting-state fMRI evidence showing a relation between the left putamen and the duration of heroin use in abstinent heroin-dependent subjects, 40 we also tested whether rsFC strengths of the left putamen after placebo exposure was related to the duration of heroin dependence. The FC strength of the left putamen within the basal ganglia/limbic network was indexed by parameter estimates (z-scaled) only of the significant voxels obtained from the heroin vs placebo comparison in patients (cf. Figure 3a) .
The rsFC strength after heroin injection positively correlated with the plasma level of morphine (r = 0.480, P = 0.032, uncorrected for multiple comparisons) but not of heroin (r = − 0.267, P = 0.255) (Figure 4a ). Furthermore, we found a significant positive correlation between the FC strength of the left putamen within the basal ganglia/limbic network under heroin exposure and the subjectively perceived feeling of 'rush' (r = 0.507, P = 0.023, uncorrected for multiple testing), but not with feelings of sedation (r = − 0.113, P = 0.635) or intoxication (r = − 0.016, P = 0.947) (Figure 4b ). Finally, there was a significant negative correlation between the rsFC strength after placebo treatment and years of dependence (r = -0.552, P = 0.012) (Figure 4c) .
DISCUSSION
This study explored the neural mechanism underlying heroin's acute subjective rewarding effect in protracted heroin-dependent patients. In particular, we investigated how acute heroin substitution modulated rsFC within the basal ganglia/limbic network and whether this change was related to the subjective rewarding effect induced by heroin. We found that heroin acutely increased rsFC of the left putamen within the basal ganglia/limbic network compared with the placebo treatment in heroin-dependent patients. Notably, the extent of rsFC strength of the left putamen after heroin administration correlated positively with the subjective experience of rush and with the plasma levels of heroin's main psychoactive metabolite morphine. Furthermore, we found that HCs had increased rsFC of the PCC/precuneus in this network relative to the placebo treatment in patients. We discuss these findings in the following within a positive reinforcement framework of reward processing in drug addiction 1, 41 and infer on the basis of this perspective a possible neuropharmacological mechanism for the subjective rewarding effect of heroin.
Reinforcement signals in the striatum are known to be crucial for the rewarding effect of heroin and thus have a key role in the development of opioid dependence. 5 In accordance with this, our results show that acute heroin administration increased rsFC of the left putamen in the basal ganglia/limbic network compared with the placebo treatment, whereas the extent of left putamen connectivity under heroin exposure correlated with patients' feelings of rush. Remarkably, this relation was specific for the euphoric effect of the drug and not for its sedative and intoxicant effect, albeit this correlation did not survive after correcting for multiple testing. Nevertheless, this finding is in line with a previous fMRI study, which revealed an association between putamen activity and the pleasurable relaxation and enjoyment of cigarette smoking. 42 It is interesting to note that acute heroin administration selectively exerted its effect on the left, but not right putamen connectivity. This hemispheric asymmetry is in line with previous evidence showing that intravenous injection of μ-opioid agonist induces left-lateralized brain activation, which correlated with the euphoric effect of the drug. 43 However, more evidence is needed to confirm this laterality effect of acute heroin substitution.
It is further emphasized that drugs of abuse increase striatal DA concentrations and that these increases were associated with their reinforcing effects. 6 For instance, amphetamine-induced DA release in the human ventral striatum correlates with euphoria, 7 whereas subjects having the greatest DA increases after methylphenidate intake were those that perceived the most intense 'high'. 8 Increased striatal DA levels have also been implicated in the rewarding and locomotor-stimulatory properties of morphine in animals, 41, 44 likely mediated via major dopaminergic projections from the substantia nigra and the ventral tegmental area. 5 In more detail, the morphine-evoked DA release is considered to be due to inhibition of the inhibitory GABAergic interneurons in the ventral tegmental area through activation of μ-opioid receptors to activate mesocorticolimbic dopaminergic neurons. 4, 45 According to this evidence, it is conceivable that our finding of increased putamen connectivity after heroin administration was mediated at least in part through heroin-induced DA release into the striatum. This interpretation is supported by the correlation between morphine's plasma level and left putamen connectivity under heroin exposure, having in mind that morphine evokes DA in the striatum. 11, 46 That is, patients revealing the greatest morphine plasma concentrations 10 min after heroin injection showed the strongest putamen connectivity to the basal ganglia/limbic network, which subsumes the entire striatum, thalamus and amygdala. The putative striatal DA release after acute heroin injection resonances with evidence showing that detoxified heroin users have lower DA transporter availability that in turn leads to increased DA levels. 47 Baseline differences in striatal DA levels might also explain why heroin only increased rsFC of the left putamen compared with the placebo treatment in patients, but not compared with HCs. In particular, chronic heroin-dependent subjects have lower striatal D2 receptor availability and low presynaptic DA compared with HCs 48,49 (see Hou et al. 14 for a comprehensive review on the DA system in heroin addiction). Supportive, acute states of withdrawal, as in this study reflected by the placebo condition, 50 have been associated with decreased striatal DA level. 51 Therefore, we might speculate that the placebo treatment in our study (experimentally induced state of acute withdrawal 50 ) was accompanied by lower levels of striatal DA compared with HCs, resulting in a more pronounced difference of striatal DA level compared with the DA level induced by acute heroin treatment. Furthermore, we found that the left putamen connectivity within the basal ganglia/limbic network after placebo treatment correlated negatively with the duration of heroin use, perhaps reflecting disease-related long-term effects on reward-related pathways. In line with this results, previous resting-state fMRI studies have already highlighted the importance of the putamen for the pathophysiology of heroin addiction by showing that decreased FC of the putamen, 52 as well as abnormal topological properties of the left putamen as indicated by graph metrics (that is, the shortest absolute path length) were negatively related to the duration of heroin dependence. 40 Furthermore, it has also been shown that D2 receptor availability in the putamen correlated negatively with years of opiate use in recently abstinent opiate-dependent subjects. 48 These changes in the neural reward system may be part of functional alterations, besides those on the brain stress system, postulated to underlie the chronic relapsing nature of prescription opioid addiction. 53, 54 However, although acute heroin injection induced DA release in rats, 26 several imaging studies in humans failed to detected striatal DA release induced by acute heroin administration [55] [56] [57] or by the expectation of heroin reward. 58 This can either be explained by the small patient samples used in these studies, the limited sensitivity of the applied technologies or because activation of the dopaminergic system is not necessarily critical for the rewarding effects of heroin. 4, 59, 60 The hypothesis that the positive reinforcement effect of acute heroin injection is not directly mediated by DA is supported by studies showing that neurochemically specific lesions of DA in the nucleus accumbens with 6-hydroxydopamine rsFC after acute heroin substitution A Schmidt et al failed to block heroin self-administration. 61 It has also been shown that DA is not required for morphine-induced reward as measured by conditioned place preference. 62 Finally, we also found that HCs had increased rsFC of the PCC/ precuneus in the basal ganglia/limbic network relative to the placebo treatment in patients. Decreased FC of the PCC and thalamus to different brain regions has previously been found in heroin abusers. 63 A recent study suggests that high impulsive smokers have greater difficulty in controlling their cravings, and that this weakness may be mediated by lower PCC activity. 64 It has also been shown that positive emotionality correlated positively with activity in the precuneus and PCC 65 and that they activate with just the presence of an immediate reward, 66 a mechanism that is likely related to positive emotional feelings. Given that the placebo treatment in this study represents an acute state of withdrawal characterized by high levels of craving, anxiety and stress hormone releases, 50 the reduced PCC/precuneus connectivity might have partly contributed to this negative emotional state. In accordance with this view, metabolic activity of the ventral striatum tended to be negatively correlated with withdrawal symptoms, including craving, negative effect and somatic anxiety symptoms in nicotine-dependent subjects. 42 This study has limitations that may influence the interpretation of our findings. We acknowledge the lack of a direct measure of DA concentration induced by acute heroin administration, which aggravates inferences about the underlying neuropharmacological mechanism induced by μ-opioid receptor agonism. Thus, further research is needed to understand the subjective rewarding effects of acute heroin administration by unifying different levels starting from μ-opioid receptor binding to effects of this binding on neurotransmitter pathways and further to the neural system level. Furthermore, we cannot exclude effects on vasoactivity induced by heroin, 67 which might have confounded our results. We have also not considered physiological noise that may increase the risk for false positives in pharmacological restingstate fMRI analysis. 68 Finally, although differences in formal education may have confounded the comparisons between patients and HCs, this could not account for the differences between the heroin and placebo treatment among patients.
In summary, our findings indicate that increased rsFC of the putamen may contribute to the subjective rewarding effect of heroin and thus provide evidence at the large-scale neural system level of how continued heroin consumption is motivated through positive reinforcement effects. Notably, this positive reinforcement effect was found in heroin-maintained patients. Although it has been proposed that the initial phase of drug addiction is dominated by positive reinforcement mechanisms and that antireward processes (that is, negative reinforcement) increase over the duration of the dependence, 69, 70 our data suggest that acute heroin substitution in long-lasting patients still induces a positive reinforcement effect in the striatum. We have recently shown that acute heroin substitution in these patients also led to a negative reinforcement effect by reducing state-anxiety and stress hormone responses, an effect that was mediated through reduced rsFC after acute heroin substitution A Schmidt et al amygdala activity and connectivity. 38, 71 These studies together indicate that both positive and negative reinforcement mechanisms still occur after protracted heroin maintenance therapy. The prescription of pharmaceutical heroin has repeatedly been found to be an effective treatment for severe heroin addiction [72] [73] [74] and for heroin addicts who have failed to benefit from methadone maintenance treatment. 75 However, although heroin substitution strategies can successfully reduce harm and criminality, as well as the additional intake of heroin besides the daily substitution doses, 73, 74 this study also shows that heroin-assisted treatment further drives the addiction circle by inducing a positive reinforcement effect. In general, neuroimaging and pychopharmacological imaging needs to translate results in the clinical field, targeting clinical outcomes including response to preventive interventions. 76 This additionally impedes withdrawal and abstinence efforts from opioid consumption and should be considered in substitution therapies. However, the relative importance of positive and negative reinforcement mechanisms for the transition from early to late phases of drug addiction is currently being discussed controversially. 2 Future research is thus needed to gain a better understanding of the reinforcement mechanisms underlying the development and maintenance of heroin addiction. This study demonstrates that the assessment of resting-state fMRI is a promising technique for this purpose.
